Highly conductive and transparent IrO 2 thin films were prepared on SiO 2 substrates by embedding laser-ablated Ir thin films in IrO 2 powders at 973 K for 10.8 ks in O 2 . The binding energies of Ir 4f 7=2 for the as-deposited Ir and the IrO 2 thin films were 61.1 and 62.1 eV, respectively. The shift of Ir 4f 7=2 binding energy implied the oxidation from Ir to IrO 2 . The resistivity of the IrO 2 thin films at room temperature was 4:0 Â 10 À7 m. The optical transmittance of IrO 2 thin films can reach to 60-80% in the wavelength range of 400-800 nm.
Introduction
Iridium oxide (IrO 2 ) thin films are of great interest for many applications because of the low resistivity, excellent diffusion barrier and chemical inertia. [1] [2] [3] Many methods have been used to prepare iridium oxide such as reactive sputtering, 4) electrochemical processes, 5) sol-gel processing 6) and laser ablation deposition. 7) Sandeep et al. reported that IrO 2 and Ir mixture films were obtained by annealing sputtered Ir films at 1073 K, and the minor Ir phase was not completely oxidated due to the stress in the films. 8) The laser ablation deposition (PLD) technique could be one of the most clean and flexible methods to prepare thin films with high purity and enhanced adherence to substrates. 9) Babu et al. have tried to prepare IrO 2 thin films by oxidating laserablated Ir thin films, whereas the effort was resulted in unsuccess due to the formation of volatile species of the IrO 3 at high oxidation temperatures. 10) Therefore, it is necessary to find the optimum condition to obtain pure and highly conductive IrO 2 thin films by oxidating laser-ablated Ir thin films. In this paper, Ir thin films were prepared by laser ablation, and then the effect of oxidation conditions on the composition of IrO 2 thin films was investigated. The optical transmittance and resistivities of the as-deposited Ir and the IrO 2 thin films were measured.
Experiment
Ir thin films were deposited on silica substrates in a vacuum (10 À7 Pa) by ablating an Ir target (2 cm in diameter) using a pulsed Nd:YAG laser operating at a wavelength of 355 nm. A laser beam (pulse energy: 170 mJ, pulse width: 10 ns and repetition rate: 10 Hz) was focused onto the Ir target at 45
angle. The substrates were kept at room temperature and placed parallel to the Ir target at a distance of 5 cm. The thickness of Ir thin films deposited on silica substrate was determined by a talystep profiler.
The as-deposited Ir thin films were oxidated in a furnace at 773, 973 and 1173 K in air for 3.6 ks to study the relationship between the formation of IrO 2 thin films and the oxidation conditions. The as-deposited Ir thin films were also oxidated with embedding in IrO 2 powder. IrO 2 powder (about 1 g) was put into the center of a boat-like crucible, then the asdeposited Ir thin films were placed facing the IrO 2 powder.
After the crucible was put into the vacuum furnace, the asdeposited Ir thin films with embedding in IrO 2 powders were oxidized at 973 K in O 2 with oxygen flow rate of 6:7 Â 10 À6 m 3 /s for 10.8 ks. The glancing angle incidence X-ray diffraction (GIXRD) technique (Rigaku Rotaflex RU-200B) was used to analyze the crystal structure of IrO 2 thin films at incidence angles () of 0.5 and 2 . The chemical binding state of Ir and IrO 2 thin films was investigated by micro-X-ray photoelectron spectroscopy (micro-XPS) using Al K radiation (Surface Science Instruments SSI-100). No Ar ion sputtering was conducted to avoid the decomposition of IrO 2 thin films during the sputtering. The optical transmission spectra of the films were studied by using a UV-VIS-NIR spectrophotometer (Shimadzu UV-3101PC). The resistivities of as-deposited Ir and IrO 2 thin films were measured in the range from room temperature to 773 K by a van der Pauw method. Figure 1 shows the GIXRD pattern for ¼ 2 for asdeposited and oxidated Ir thin films in air at 773 and 973 K for 3.6 ks. The as-deposited Ir thin films were polycrystalline with a slight (111) preferred orientation. The GIXRD results of the oxidated Ir thin films at 773 K were similar to those of the as-deposited Ir thin films. The enlarged GIXRD data in range from 27 to 30 showed an IrO 2 (110) diffraction peak at 27.98
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. As the oxidation temperature increased to 973 K, a strong IrO 2 (110) diffraction peak was observed. Figure 2 gives the GIXRD pattern for ¼ 0:5 for the asdeposited and the oxidated Ir thin films in air at 973 K for 3.6 ks. The intensity ratio of IrO 2 (110) diffraction to that of Ir (111) diffraction for ¼ 0:5 is higher than that for ¼ 2 . This result suggested that the formation of IrO 2 thin films preferentially proceeded from the surface of the Ir thin films. The above results were in good agreement with those on Ir thin films prepared by sputtering and IrO 2 thin films by succeeding oxidation. 8) Figure 3 shows micro-XPS spectra of Ir 5p and Ir 4f core levels for the as-deposited and oxidated Ir thin films in air at 773 K and 973 K. The binding energy was calibrated using the C 1s peak as reference (284.6 eV). A weak peak at about 48 eV could be assigned to Ir 5p 3=2 and strong doublet peaks at 60 to 70 eV could be originated from Ir 4f 7=2 , Ir 4f 5=2 and Ir 12
13) The difference of Ir 4f 7=2 binding energy between the as-deposited and the oxidated Ir thin films was 1 eV. This result was coincident with that on reactive sputtered IrO 2 thin films.
14) The binding energies of the oxidated Ir thin films at 973 K for Ir 4f 7=2 , Ir 4f 5=2 and Ir 5p 1=2 were 61.8, 64.8 and 64.1 eV, respectively. These are almost in agreement with those oxidated at 773 K. However, the intensity of Ir 4f 7=2 , Ir 4f 5=2 and Ir 5p 1=2 peaks became weaker with increasing the oxidation temperature. This suggests that IrO 2 thin films were slightly evaporated by forming IrO 3 vapour.
15)
The as-deposited Ir thin films were also oxidated in air at 1173 K. None of Ir or IrO 2 diffraction peaks was observed from GIXRD data. This implied that the formation of volatile species (IrO 3 ) from the surface prominently occurred at a high oxidation temperature of 1173 K. In order to proceed the oxidation and to prevent the IrO 3 formation, the oxidation temperature should be suitably determined. From the analysis of the GIXRD and micro-XPS data, the appropriate oxidation temperature could be 973 K. Figure 4 shows the GIXRD patterns for ¼ 2 and ¼ 0:5 for the IrO 2 thin films obtained by oxidating Ir thin films with embedding in IrO 2 powders at 973 K in O 2 for 10.8 ks. IrO 2 diffraction peaks with a (110) preferred orientation were observed. This result suggested that the whole Ir thin films oxidated to IrO 2 from surface to bottom of the films. Figure 5 gives the micro-XPS spectra of Ir 5p and Ir 4f core levels for the IrO 2 thin films obtained by oxidating Ir thin films with embedding in IrO 2 powder at 973 K in O 2 for 10.8 ks. The binding energy of Ir 4f 7=2 deconvoluted from the XPS spectrum was 62.1 eV. This value was in agreement with that of the IrO 2 thin films shown in Fig. 3(b) . The integrated intensities of Ir 4f 7=2 , Ir 4f 5=2 and Ir 5p 1=2 peaks for the IrO 2 thin films were higher than those of IrO 2 prepared without embedding in IrO 2 powders. This result suggests that the oxidation process with embedding in IrO 2 powders was significantly effective to proceed the oxidation from Ir to IrO 2 without forming IrO 3 vapor. Figure 6 shows the optical transmission spectra of the asdeposited and the oxidated Ir thin films. The transmittance of the as-deposited Ir thin films was about 1% in the wavelength of 300-800 nm. The transmittance of the oxidated Ir thin films at 973 k increased to about 20%. The transmittance of the oxidated Ir thin films with embedding in IrO 2 powders further increased to 60-80%. The higher transmittance could be resulted from the formation of pure IrO 2 . Figure 7 gives the resistivity of the as-deposited and oxidated Ir thin films as a function of temperature. All films had almost the same thickness of 25 nm. The resistivity of the as-deposited Ir thin films was almost independent of temperature, and 7:8 Â 10 À8 m at room temperature. This resistivity value is close to that reported value for bulk Ir (5:3 Â 10 À8 m).
16) The resistivity of oxidated Ir thin films at 973 K without embedding in IrO 2 powders showed the similar temperature dependence with that of Ir thin films, suggesting that unoxidated Ir layer could be responsible to the electrical conduction. The oxidated Ir thin films with embedding in IrO 2 powders had a significant positive temperature dependence of resistivity. The temperature coefficient of resistivity was 0.004/K, showing a typical metallic conduction behavior. 17) Although the temperature dependence of resistivity for IrO 2 has not been reported, the value at room temperature of 4:0 Â 10 À7 m was close to that of bulk (110) IrO 2 (3:5 Â 10 À7 m).
18) The conduction mechanism of IrO 2 thin films, particularly the significant positive temperature dependence of resistivity, should be studied more in detail. Table 1 summarizes the preparation and the properties of IrO 2 thin films. IrO 2 thin films with a (110) orientation and the resisitivity of 7:0 Â 10 À7 m have been prepared by reactive sputtering using an Ir target in O 2 . 14) IrO 2 thin films prepared by laser ablation using an Ir target on Si substrates in O 2 had the resisitivity of 4:2 Â 10 À7 m and a (110) orientation. 19) Since Si substrates were not optical transparent, the transmittance of IrO 2 thin films was not measured. IrO 2 thin films prepared by a sol-gel process on ITO glass substrates showed the transmittance of 60-90% and a (110) orientation. 20) IrO 2 thin films were also prepared by an electrochemical method on Ir substrates. 5) IrO 2 thin films prepared by MOCVD at 623-723 K had the resistivity in the range of 0.7-7:3 Â 10 À6 m. 21) IrO 2 thin films were prepared by oxidating Ir thin films that were deposited by laser ablation, 10) sputtering 8) and electron beam evaporation. 22) Since Ir phase was remained in IrO 2 thin films, the resistivity and transmittance for these films were not well characterized. The transmittance of 60-90% for IrO 2 thin films prepared by oxidating Ir thin films deposited by electron beam evaporation was reported in a wavelength range of 300-500 nm. The IrO 2 thin films obtained in the present study could be highly pure, and having low resistivity and high transmittance applicable as a transparent conductive material.
Conclusion
IrO 2 thin films with a (110) preferred orientation, high purity, high transmittance and low resistivity have been obtained by oxidating laser-ablated Ir thin films embedding in IrO 2 powders in O 2 at 973 K for 10.8 ks. The binding energy of Ir 4f 7=2 , Ir 4f 5=2 and Ir 5p 1=2 for the IrO 2 thin films were 62.1, 65 and 64.3 eV, respectively. The resistivity at room temperature of the IrO 2 thin films was 4:0 Â 10 À7 m. The optical transmittance was 60-80% in a wavelength range at 400-800 nm. 
